Non-homologous end-joining (NHEJ) is critical for genome stability because of its roles in 18 double-strand break repair. Ku and ligase D (LigD) are the crucial proteins in this process, and 19 strains expressing Ku and LigD can cyclize linear DNA in vivo. Herein, we established a proof-20 of-concept mono-homologous linear DNA recombination for gene inactivation or genome 21 editing by which cyclization of linear DNA in vivo by NHEJ could be used to generate non- 22 replicable circular DNA and could allow allelic exchanges between the circular DNA and the 23 chromosome. We achieved this approach in Dietzia sp. DQ12-45-1b, which expresses Ku and 24 LigD homologs and presents NHEJ activity. By transforming the strain with a linear DNA mono 25 homolog to the sequence in chromosome, we mutated the genome. This method did not require 26 the screening of suitable plasmids and was easy and time-effective. Bioinformatic analysis 27 showed that more than 20% prokaryotic organisms contain Ku and LigD, suggesting the wide 28 distribution of NHEJ activities. Moreover, the Escherichia coli strain also showed NHEJ 29 activity when the Ku and LigD of Dietzia sp. DQ12-45-1b were introduced and expressed in it.
INTRODUCTION
pNV18-Sm (46) using LA Taq (Takara, Tokyo, Japan) under the conditions suggested by the 136 manufacturer with the primers pNV18-F and pNV18-R, followed by treatment with DpnI digestion 137 (Takara, Tokyo, Japan) for 4 h at 37°C to eliminate the circular plasmid pNV18-Sm template. 138 Secondly, the plasmid pNV18-Sm was digested by HindIII to produce 5ʹ-overhang DSB fragments 139 HD18, and by HindIII and BamHI simultaneously to produce 5ʹ-overhang DSB fragments HB18 140 overnight, respectively (Fig. 1 ). All three linear DNA fragments contained intact streptomycin-141 resistant gene (Fig. S1 ). Gel purification was performed to remove the undigested plasmids and 142 collect the linear plasmid only with DNA purification kit (Tiangen biotech, Beijing, China). Five 143 microliter purified linear DNA fragments, LA18 (108 ng), HD18 (437 ng), and HB18 (188 ng), 144 were then transformed into 100 µL competent cells of strain DQ12-45-1b (~10 10 CFU/ml and the 145 transformation efficiency was 10 6 CFU/µg DNA), respectively. After transformation, cells were 146 recovered at 30℃ for 4 h, followed by plating on LB agar containing streptomycin. Positive clones 147 were numbered and picked after 3 days incubation. The method of competent cell preparation and 148 electro-transformation was as previously described (33) . 149 The resultant streptomycin-resistant colonies on LB agar were then suspended in 10 µL double 150 distilled water and incubated at 98°C for 30 min to release DNA from the cells, followed by 151 centrifugation at 20,000 ×g for 5 min. The DNA-containing supernatant was then subjected to PCR 152 using rTaq (Takara, Tokyo, Japan) for 26 cycles with the primers IdenF and IdenR to amplify the 153 joint region of the circular DNA. The PCR product was purified, cloned into pGEM-T (Promega, 154 Madison, WI, USA). Recombinant plasmids were transformed into E. coli DH5α for white-blue screening, and the white colonies were sequenced to assess NHEJ activities.
156
To determine the role of ku gene in Dietzia sp. DQ12-45-1b, we constructed a ku inserted 157 mutant with streptomycin resistance gene using a double-homologous-recombination method as 158 described previously ( Fig. S2 ) (47-49) and the primers used were listed in Table S1 . The Ku 159 expression vector for complementation studies were constructed as follows: the ku gene was 160 amplified from Dietzia sp. DQ12-45-1b chromosomal DNA with the primers Ku-BF and Ku-HR 161 (Table S1) , and then the 1046 bp DNA fragment was ligated into pNV18-PEK using BamHI and 162 HindIII restriction sites to construct a new plasmid, pNV18-PKK (Table 1) . Vector pNV18-PKK 163 was introduced into ku mutant cells via electroporation as described previously to obtain the which was amplified from plasmid pJV53-PA with the primers p45-F and 53-ER (Table S1) 168 followed by being processed with DpnI digestion (Takara, Tokyo, Japan) for 4 h at 37°C to 169 eliminate the circular plasmid pNV18-Sm template before being transformed into cells as described 170 above, by taking the treatments operated on the WT cells and ku mutant cells transformed with 171 pNV18-PEK as the negative controls (Table 1) . After the 3-day incubation, ampicillin resistance 172 colonies were counted as described above. 174 The genes coding for Dt-Ku protein and Dt-LigD were amplified from the genome of strain DQ12-45-1b using PrimeSTAR HS DNA Polymerase (Takara, Tokyo, Japan) according to the 
173

Expression of Dt-Ku and Dt-LigD and NHEJ assay in E. coli
223
To verify whether this method could be used for other genes, we selected seven genes encoding 224 histidine kinase of two-component system and two other genes (Table 2) Table   232 2. fragments was functional in strain DQ12-45-1b ( Fig. S4 ). Since the streptomycin gene containing 248 DNA could be replicated only if it was in circular form, these results suggested that the linear DNA 249 fragments were successfully cyclized in the strain, indicating that the NHEJ pathway was active in 250 vivo in strain DQ12-45-1b. Among the three linear DNA fragments, it was more difficult for linear 251 DNA with longer 5ʹ-overhang ends to cyclize.
252
In addition, the three linear DNA fragments were cyclized differently by NHEJ activity. In 253 case of LA18 with short overhang ends, 61 positive colonies were sequenced and 7 different NHEJ 254 joints were detected (Fig. 1A) . The overhung "A" at the ends was deleted before ligation in all 255 colonies, suggesting the presence of a 5ʹ-3ʹ exonuclease activity in strain DQ12-45-1b. Non-256 templated insertions and sequence deletions were detected in 38 and 23 out of the 61 colonies, 257 respectively. Among the 38 colonies (62% of the 61 colonies) with insertion, three types of non-258 templated insertion sequences were identified. Two of them were detected in 25 colonies composed 259 of G+C nucleotides (Fig. 1A) . Among the 23 colonies with sequence deletions, 12 colonies 260 contained short-scale (9 bp) deletions and the remaining 11 colonies contained 175-308 bp long 261 deletions. It is notable that the deletions, being short or long, happened at the ends of the side 262 without "CCC" tag, suggesting that the repeated G+C sequence might protect the linear DNA from 263 exonuclease activity. In contrast, for HD18 and HB18 with long overhang ends, long unidirectional 264 deletions up to 148 bp, were detected at both ends ( Fig. 1B and 1C) . The results further confirmed 265 the DNA polymerase and exonuclease activities in the NHEJ process in strain DQ12-45-1b (15).
266
To evaluate the NHEJ activities of Ku and LigD in strain DQ12-45-1b, ku mutant strain was 267 constructed. It was notable that ligD mutant was failed to be obtained even though two different the wild type cells and the mutant with ku complementation (Fig. S5) , indicating that the linear 274 DNA L53 were cyclized in the cells. In addition, the L53 fragment was also transformed into E. 275 coli DH5α, and no ampicillin-resistant colonies were detected, suggesting that there was no circular were amplified from four out of the eight colonies, indicating that half of the colonies presented 299 the correct insertion into the alkW1 gene ( Fig. 2A) . Sequencing of these DNA fragments further 300 confirmed the successful insertion of linear DNA into the alkW1 gene in the genome (Fig. 2B) .
301
The recombinant efficiency was approximately 3×10 -6 .
302
To further verify the gene insertion, we carried out western blotting with the proteomes of 303 Dietzia sp. DQ12-45-1b and alkW1 -, which were grown in GPY medium or mineral medium with 304 hexadecane as the sole carbon source. AlkW1 was induced in Dietzia sp. DQ12-45-1b by 305 hexadecane, but not detected in the alkW1mutant strain either cultured in GPY or with hexadecane 306 (Fig. 3A) . As expected, the growth of the alkW1mutant strain in hexadecane as the sole carbon 307 source was inhibited within eight days of incubation (Fig. 3B) . These results proved that alkW1 308 gene was successfully inactivated by the mono-homologous arm DNA fragment integration. Using 309 the mono-homologous linear DNA recombination, we also successfully disrupt nine genes of 310 Dietzia sp. DQ12-45-1b (Table 2) , as confirmed by the PCR analysis (Fig. S7) , the presence of 311 green fluorescence (Fig. S8) , and sequencing (Supplementary file 1). The recombinant efficiencies 312 were approximately about 1.2 × 10 -6 -6.5 × 10 -5 (Table 2) . Besides, the successful inactivation of 313 another gene alkX, the regulator of alkW1 using this method (38), suggested the reliability of this 314 method. In addition, the mutant was continuously cultured for 30 re-inoculations in GPY medium 315 without antibiotics with no change in its genotype (data not shown), which demonstrated that the 316 insertion was stable and heritable. 318 By searching the ku and ligD homologous genes in the available 25,270 bacterial and 528 319 archaeal genomes using KO annotation, we identified 6,118 ku homologous genes in 5,098 320 bacterial and 13 archaeal genomes belonging to 14 bacterial phyla and Euryarchaeota. We also 321 identified 18,952 ligD homologous genes in 7,631 bacterial and 64 archaeal genomes belonging to 322 26 bacterial phyla and 6 archaeal phyla (Fig. 4) . Among them, 4,783 bacterial and 13 archaeal 323 genomes contained both genes. Strikingly, about 76% and 77% of the total Actinobacteria genomes 324 analyzed contained ku and ligD homologous genes, respectively, indicating that NHEJ might be 325 common in Actinobacteria. Phylogenetic analysis showed that ku genes could be clustered into six 326 clusters ( Fig. 5 ), largely matching their taxonomic classification, suggesting the conservative 327 property of the ku genes. In contrast, the ligD genes could be clustered into five clusters and their 328 phylogenetic tree topology was much different from their taxonomic classification, suggesting 329 possible vigorous gene transfer of ligD genes among microorganisms (Fig. 5) .
317
Distribution of Ku and LigD in prokaryotic organisms
330
The ku genes were generally juxtaposed with ligD genes (Fig. 6A ), for which a functional 331 association between Ku and LigD was suggested (21). In contrast, the Dt-Ku and Dt-LigD coding 332 genes were not adjacent in Dietzia sp. DQ12-45-1b, but within 9.8 kb to each other (Fig. 6A ).
333
Similar gene arrangements were detected in other Dietzia species such as Dietzia alimentaria72, 334 Dietzia cinnamea P4, and Dietzia sp. UCD-THP (Fig. S9A) , whose Ku shared 72-81% amino acid 335 identity with Dt-Ku. All the Ku protein sequences retrieved had a Ku core functional domain, 336 which could bind DNA ends and transiently bring them together ( Fig. 6B ), suggesting the Ku 337 functions in these strains (21). All the LigD sequences presented an ATP-dependent DNA ligase 338 domain (Fig. 6C) , which was essential in NHEJ (13, 14) . The Ku core and ATP-dependent DNA 
361
After the linear DNA with mono-homology was transformed into Dietzia sp. DQ12-45-1b cells, 362 it performed self-cyclization in vivo, recombined with the target homologous sequence in the 363 genome by HR and produced the mutant strain ( Fig. 7) (38). Although the efficiency was not very 364 high, around 10 -5 -10 -6 , when targeting the genes in Dietzia sp. DQ12-45-1b, it may be acceptable 365 for those newly discovered and important bacteria without compatible genetic manipulation system. 366 Although NHEJ was firstly found in mammalian cells and thought to be specific to eukaryotic 367 organisms, a number of studies showed that NHEJ also exists in prokaryotic organisms (15, 16, 368 18-23, 56). Ku were proved to be essential in NHEJ in the strain DQ12-45-1b. It was interesting 369 that we tried to disrupt the ku and ligD genes using two methods, the mono-homologous 370 recombination method as described in this paper and the double-homologous recombination 371 method described previously (47), but neither ku nor ligD mutants was obtained using the mono-372 homologous linear DNA recombination method. In contrast, ku gene could be replaced using 373 double-homologous recombination method which expressed additional recombination enzymes.
374
The result suggested unknown roles of Ku in the recombination process using mono-homologous 375 linear DNA. It was notable that no ligD mutant was obtained using both two methods. LigD, as the 
